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Abstract 
Fast-start swimming is a very special and important type of locomotion of fish. Basically, fast-star motion can be classified into 
two types: C-type and S-type. It is generally thought that the C-type fast-start is adopted by fish for escape while the S-type fast-
start is used in prey capture. Previous experimental data have shown that the maximum acceleration and maximum velocity of 
fish performing C-start are significantly greater than that for S-type motion. The present research investigates numerically the 
fluid flows generated by empirically modeled fast-start movements of fish. For simplicity, a 2-D potential flow is assumed, and 
the unsteady Kutta condition is applied to handle the vortex-shedding phenomenon at fish tail. The panel method is adopted to 
solve the flow field numerically, and the force and moment acting on fish body are calculated by using the unsteady Bernoulli 
equation. Once the force and moment acting on fish are obtained at each instant, motion of fish can then be tracked by applying 
Newton’s second law. Effects of force and moment exerting on fish, the moving speed and distance traveled by fish under 
different types of S-start and C-start movements are compared and discussed. Also presented are the fluid-dynamics 
interpretation of the fast-start motions and explanation of key mechanisms that lead to different performances of S-start and C-
start modes. Basically in S-start mode, fish receives significant thrust from the momentum of accelerating fluid enhanced by the 
starting vortex near its tail. While in C-start mode, fish speeds up via a turning motion induced by the fluid force and moment 
acting on it. Since in C-start mode, fish utilizes the lateral force and moment to assist its turning and speeding rather than resists 
them, fish moving with C-start mode has faster moving speed and better efficiency of performance than with S-start mode. This 
can explain why fish normally adopt C-type fast-start mode in their attempt to escape from danger. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
Engineering. 
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1. Introduction 
Scientists have long been interested in studying the fluid mechanics of swimming fish. Over the years, the 
locomotion of aquatic creatures and their maneuvering mechanisms have continued serving as perfect paradigms 
guiding technologists to design and develop more effective bio-mimetic underwater machines. Based on extensive 
observations over a wide range of species, Webb [1] defined four fundamental functional categories of aquatic 
vertebrates locomotion: (i) body/caudal fin (BCF) periodic propulsion, which results in steady swimming of fish; (ii) 
BCF transient propulsion where movements are brief and non-cyclic; (iii) median and paired fin (MPF) propulsion, 
used in slow swimming and precise maneuver; (iv) occasional propulsion or ‘non-swimming’. Fast-start locomotion 
belongs to BCF transient propulsion, because it is a type of high-acceleration and short duration maneuver 
commonly used by fish as escaping from predators and capturing preys [2-3]. This kind of movement had been 
recorded photographically by Gray in early time [4]. 
Basically, fast-star motion can be classified into two types: C-type and S-type, distinguished by the body shape of 
fish at the first bend, and fish accelerate with recoil turn in C-type fast-start, but without recoil turn in S-type [2]. As 
a result, the forward direction of fish is changed in C-start motion but is remained in S-start motion. It is generally 
believed that the C-type fast-start is adopted by fish for escape and the S-type fast-start is used in prey capture [5-6]. 
Harper and Blake [7] used accelerometry and high-speed cine film to measure the prey-capture and escape 
performances of northern pike (Esox Lucius), and compared the respective data of the two motions. They found that 
the mean and maximum acceleration and velocity exhibited by northern pike performing C-type fast-start are all 
significantly greater than that for S-type motion. 
In early semi-analytical and numerical studies, the thrust produced by a steadily swimming fish was normally 
estimated on a simplified model. Lighthill [8] has proposed a now widely-known model simulating a steady-
swimming slender fish with small undulation amplitude and provided an estimation for thrust. Wu [9] obtained the 
force on a flexible and thin flat plate performing a progressing wave with given wave length and phase velocity in 
two-dimensional potential flow to study the basic principle of fish propulsion. Lighthill [10] generalized his 
previous theory to account for arbitrary amplitudes, regular or irregular motions of fish body. The theory, called the 
elongated-body theory, can be used to calculate the reactive force on a fish moving in fluid with large-amplitude 
motion such as turning. Weihs [11] used Lighthill’s elongated-body theory to derive forces on a fish undergoing 
unsteady curvilinear large-amplitude movements, and compared his results with Gray’s [4] experimental data. Blake 
and Chan [12] provided a simple mechanical model for quick estimations of drag and velocity of turns during the 
fast-start of fish, and compared their results with existing experimental data. 
Thanks to the rapid improvement on the efficiency of computation and increasing computing power, full 
numerical simulations of fish swimming motions have now become possible. Wolfgang et al. [13] used DPIV to 
record the flow field around a giant danio (Danio malabaricus) during its steady swimming and turns, and 
constructed a 3-D numerical model to simulate the flow by solving a 3-D potential equation. They concluded that 
manipulation of body-generated vorticity and interaction with the vorticity generated by oscillating caudal fin are 
fundamental for fish to gain propulsion and maneuvering capabilities during swimming motions. Yeo, Ang and Shu 
[14], and Liu, Yu and Tong [15] applied different physical models and numerical schemes in their computer 
simulations to study swimming fish and fish performing C-start motion. Borazjani et al. [16] reconstructed a three-
dimensional fish body geometry and kinematics from the experimental data of a bluegill sunfish during its escape 
response. They found that the force calculated from their 3-D simulation results was higher than that estimated from 
jet momentum on the mid-plane. 
All the above investigations suffered a common deficiency of not being able to pin down the critical flow-
mechanism responsible for fish fast-start motions. Clarification of why and how fish can achieve higher acceleration 
with C-start mode than with S-start mode was also absent in the previous studies. The present research investigates 
numerically the fluid flows generated by empirically modeled fast-start movements of fish. Both S-start and C-start 
motions will be considered. Emphases will be laid on the fluid-mechanics interpretations of the fast-start motions, 
the flow characteristics, and elucidation of how fish utilize the dynamics of the fluid flow to assist their speeding, 
turning, and etc. To simplify the problem, a 2-D fish-like model with suitably prescribed sequence of transforms in 
configuration is adopted to simulate the morphological change of fish body during its fast-start motion. Besides, fast-
start motion normally occurs in very short duration; the viscous effect of the fluid can therefore be neglected except 
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for the formation of vortices due to flow separation from the tail. The flow can then be approximated as an inviscid 
and irrotational one with non-vanishing circulation around fish body, and the resulting potential equation can be 
solved by using the panel method. Pressure distribution along the contour of the model fish can be calculated from 
the unsteady Bernoulli equation. Once the force and moment acting on fish are determined at each instant, motion of 
fish can then be tracked by applying Newton’s second law. 
2. Governing equations and numerical method 
2.1. Governing equations 
The governing equation for potential flow is the Laplace's equation: 
 2 0I   (1) 
where the scalar function I  is the velocity potential, and the velocity of the flow field is given by: 
 V I 
G
 (2) 
Due to the inviscid-flow assumption, flow on the solid body satisfies the ‘no-penetration’ boundary condition: 
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The left-hand side of Eq.(3) is the component of the flow velocity on the normal direction of the body contour, and 
the right-hand side is the projected velocity of body movement along the same normal direction. These two 
quantities must be equal so that fluid will not penetrate into the solid surface. 
The solution for two-dimensional potential flow is not unique unless the circulation of the flow is specified. 
Therefore, a circulation around the solid body with proper magnitude is added to the potential flow. According to 
Kelvin’s theorem, the total circulation of a potential flow is conserved: 
 0totald
dt
*   (4) 
For unsteady motion, the circulation around the body changes with time; so a vortex with equal strength of change 
in circulation but opposite in direction is shedding at each time step from the sharp trailing edge of the body as a 
manifestation of viscous flow-separation effect. The shed vortices form a wake behind the body in real flow. In the 
usual inviscid-flow simulation, the wake is approximated by a zero-thickness vortex sheet composed of many point 
vortices shedding from the body. The vortex sheet then propagates with local flow velocity. 
The flow condition at the sharp trailing edge is enforced by appealing to the Kutta condition. For unsteady flow, 
there are in fact many choices with regards to the direction the flow might leave the trailing edge smoothly. In this 
study, the argument of Maskell [17] is adopted, which is also supported by Poling and Telionis’ [18] experiments. 
Maskell proposed that flow leaves the trailing edge parallel to the upper surface for clockwise shedding-vortex, and 
leaves the trailing edge parallel to the lower surface for counter-clockwise shedding-vortex. This is often called the 
unsteady Kutta condition. 
2.2. Numerical method 
 In panel method, a series of singularities are allocated along the boundary of the solid body to simulate the effect 
of body motion, and the strengths of these singularities are to be determined from the no-penetration boundary 
condition. In this study, the singularities used are combination of source/sink and vortex as suggested in Basu and 
Hancock [19]. As illustrated in Fig. 1, the fish body contour is replaced by N  straight-line elements (panels). A 
source/sink of strength jq  and a vortex of strength J  are placed on each element; the source/sink strength jq  varies 
from element to element, but the vortex strength J  is the same for all elements. The overall circulation around the 
body at time kt  is then given by: 
        
1
N
k k j
j
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where jl  denotes the length of each element. At each time step kt  when the body changes its motion, there is a new 
vortex ( )w k*  shedding into the wake from the trailing edge (see Fig. 1). For simplicity, the newly shed vortex is 
placed at a fixed distance from the trailing edge (normally of 1~2 element length), and is located on the extension 
line along either the upper surface (if shed vortex is clockwise) or the lower surface (if shed vortex is counter-
clockwise) of the trailing edge as proposed in the Maskell’s hypothesis. These shed vortices are then free to move 
with the local flow velocity. The no-penetration boundary condition (3) together with the conservation of total 
circulation (4) then give the following set of algebraic equations for solving the unknown strengths of the 
source/sink, the bound vortex, and the newly shed free vortex. 
      , , ,
1 1
ˆ ; 1, 2, ,
N k
i j j i j i m w p im ij m
A q B C V n i NJ
  
  *    ¦ ¦
G
"  (5) 
  
1 1
0
N k
j w m
j m
lJ
  
 *  ¦ ¦  (6) 
 
Fig. 1. Source/sink and vortex panel method. 
After solving the strengths of the allocated singularities, the pressure at each panel is calculated from the 
unsteady Bernoulli equation: 
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from which the resultant force and moment acting on the fish body can be readily obtained: 
    
1
ˆ
N
i i i
i
F p p l nf
 
  ª º¬ ¼¦
G
;                
1
ˆ
N
i i i i
i
r p p l nW f
 
 u  ª º¬ ¼¦
G G  (8) 
Once the force and moment are known, the speeding and rotation of the fish body can be calculated according to the 
Newton’s second law: 
 ba F m 
GK ;           d I dtZ W G G  (9) 
All the above equations are to be nondimensionalized by the fish body length L , time duration of fast-start 
movement of fish T , and the density of the fluid fU . The resulting dimensionless equations are omitted here for 
brevity. In the followings, all dimensionless quantities will be denoted with an asterisk superscript ‘*’. 
3. Models of fish body configuration in fast-start movement 
The body motion of fish during swimming is usually modeled by a propagating wave. In this paper, the 
movement of the midline of fish is based on the model proposed by Liu et al. [15]. This model, which describes a 
general C-start movement, includes two parts: (i) a standing bending wave and, (ii) a traveling curvature wave. The 
curvature of the midline of fish body is the superposition of both waves: 
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where 0N   represents the ‘C’-shape standing bending wave, wN   denotes the traveling curvature wave, s  denotes the 
dimensionless distance measured along the midline of the fish, and  t   is the dimensionless time. The equation of 
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  used in this model is 
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and the equation for wN   is 
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in which sA  and wA  are the dimensionless amplitudes of the standing bending wave and the traveling curvature 
wave, respectively; wO  is the dimensionless wavelength, wT   is the dimensionless wave period, M  is the phase angle. 
 w sV    is a function controlling the spatial distribution of amplitude along the fish body curve, and  w tK   is a 
function of time which ensures the midline of fish body is straight at the onset and close to a straight line at the end 
of movement. 
Construction of model for S-start movement is less complicated. In modeling the curvature of the midline of fish 
body in S-start movement, only the traveling curvature wave (no bending wave) equation is used, i.e. 
    , ,ws t s tN N       (13) 
Once the curvature at any point on a curve is given, the angle ]  between the slope of the curve at the given 
point and the direction of x-axis can be calculated according to the relation: 
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Integrating Eq.(14) along s  gives the midline curve of fish in the ( , )x y   coordinates. At any instant t  , a 
prescribed function ( )w s   specifying the distribution of width of fish body is then superimposed on the local 
normals of the midline curve s , thus completing the deformed body-contour of fish in the entire course of the fast-
start movement. 
4. Results and discussion 
4.1. Simulations of S-start motions 
Fish maintains its forward direction during S-start by fine-tuning the undulating motion of its body and by 
cooperative actions delivered from fins at various parts of the body. In this study, for simplicity, effects of lateral 
force and moment acting on fish are neglected in simulating the swimming motion of fish with S-start model, only 
the thrust in forward direction (negative x-direction) is considered. Four cases (denoted as S-1~S-4) with different 
parameter settings in the S-start model are investigated. These sets of parameter values are specifically chosen to 
study the effects of different types of undulation, swinging amplitudes, and swinging frequencies of the fish body in 
S-start movement. 
 
Fig. 2. Time evolution of thrust in various S-start motions. 
Figure 2 shows the time variation of thrust force ( xF  ) for each case. Basically, two peaks in thrust force are 
observed in all cases except S-4 in which thrust exhibits three peaks. Figure 3 plots the velocity field of the flow in 
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one of the cases at a time shortly before the thrust reaches its maximum. Formation of a strong vortex due to 
continuous shedding of vorticity from either the upper or lower surface of fish tail is observed. This vortex then 
draws ‘packets’ of fluid accelerating toward fish body (tail). As these fluid packets strike fish body and turn their 
directions, strong reaction force is produced on fish body. This momentum-change mechanism caused by vortical 
flow is elucidated in Fig. 3c. In general, the stronger the vortex is, the greater change in the momentum of fluid and 
hence greater force will be acting on the fish body. The effect is even more pronounced when the fish tail is actually 
beating in the direction against the oncoming accelerating fluid. Strong propulsion force is thus generated. This 
explains the peaking of thrusts found in all cases. 
(a)  (b) (c)  
Fig. 3. (a) Velocity vectors field of flow at 0.252t   in case S-3, (b) velocity vectors field of flow at 0.492t   in case S-2, and (c) vortex-
enhanced momentum change of fluid for thrust generation. 
Table 1 lists under different cases the distance | |eS   traveled by fish at the end of S-start movement, the 
maximum forward speed *| |x maxV , and the maximum thrust *| |x maxF  produced by fish. In order to compare the 
swimming performance of fish under different S-start models, the total work delivered by fish during its fast-start 
motion is estimated as follows. 
Assume that fish moving in fluid is caused by an imaginary ‘external force’ eF
G
 exerting on fish body, then, 
according to Newton’s second law: 
 e pma F F 
G GG
 (15) 
where pF
G
 is the flow resistance on fish body due to pressure, aG  is the acceleration of fish motion and m is the mass 
of fish. The total work totW  done by the external force during the entire fast-start period is then given by: 
 ( ) 2 ( )1
2
k k
tot e f p
k k
W W mV W  ¦ ¦  (16) 
where fV  is the final velocity of fish at the end of fast-start motion, ( )kpW  is the work done by fluid pressure at thk -
time level. The above total external work totW  can be taken as the work fish has to deliver to propel itself through 
the fluid. The dimensionless form of the efficiency of fast-start motion can then be properly defined as the ratio of 
traveling distance to the total work done by fish, | |e totS W  . Both *totW  and | |e totS W   are listed in the last two 
columns of Table 1. 
Table 1. Swimming performance of fish under different S-start models. 
Case eS   *x maxV  
*
x max
F  *totW  e totS W   
S-1 0.634 1.200 0.234 0.101 6.271 
S-2 0.874 1.706 0.297 0.201 4.344 
S-3 0.714 1.736 0.307 0.341 2.093 
S-4 1.018 1.948 0.409 0.267 3.808 
From Table 1, it is observed that among the four cases, fish performing with fast-start model S-4 achieves the 
greatest thrust, farthest traveling distance and largest forwarding speed. Case S-4 differs from other cases in that the 
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amplitude of undulation of fish body is reduced while the beating frequency is doubled. Therefore, to travel longer 
distance within shorter time with S-type fast-start mechanism, fish will take on several quicker but smaller (in 
amplitude) undulating cycles rather than one large swinging stroke in body movement. 
4.2. Simulations of C-start motions 
Fish normally adopt the C-type fast-start mode to escape from danger. In C-start movement, fish will first curl its 
body into C-shape to turn its orientation, and then recoil to speed away from danger in a new direction. Therefore, 
turning of fish body is a key factor in C-start movement. In contrast to the previous section, calculation of the C-type 
fast-start will take into account both the translational and rotational motions of fish body as resulted from the fluid 
force. Five different parameter settings in C-start movement are considered here (case C-1~C-5). These cases 
describe effects of different degree of bending and undulation of fish body configuration on fast-start motion. 
     
    
    
Fig. 4. Motion of fish and velocity vectors field of flow for C-1 fast-start movement. 
Figure 4 presents the motion of fish and the corresponding flow field throughout the fast-start period for case C-1. 
It is observed that shortly after the initiation of the fast-start movement, fish begins to accelerate forward (leftward 
in Fig.4), and a strong clockwise moment is acting on fish around 0.2t  . According to this moment, fish starts to 
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rotate quickly about its center of mass in the clockwise direction and at the same time continues to curl its body into 
C-shape. During 0.2 ~ 0.5t  , the bending movement causes fish body to bulge toward its left side, resulting in a 
strong reaction fluid-force in the opposite direction. Fish now turns itself around and starts to move in the other 
direction (rightward in Fig.4). After 0.5t  , fish begins to straighten out its body from figure ‘C’. The large tail-
beat movement of fish during this recoil stage produces a strong counter-clockwise moment which retards the 
clockwise rotation of fish and prevents it from over-turning. Fish then speeds away along the new direction. Quite 
different from the S-start motions discussed in the previous section, vortices produced by the C-start motion are 
generally weaker and are far from fish tail in most of the time except at very beginning of the motion. Hence fish 
does not benefit from the vortex-enhanced momentum change of fluid in propelling itself as mentioned in the S-start 
cases. In C-start motion, fish gains speed via a different mechanism. 
(a)     (b)               
Fig. 5. Time evolution of (a) resultant force acting on fish, (b) moment acting on fish in different cases. 
 
Fig. 6. Traveling trajectory of fish in different cases. 
Figure 5 shows the resultant force and moment acting on fish, and Figure 6 plots the trajectory of mass center of 
fish under different C-start motions. Closer investigation of time variations of force and moment in Fig.5 can help 
interpreting how fish utilizes flow dynamic to steer itself through fluid with great maneuverability during fast-start 
motion. Basically, for the same type of body movement, larger bending amplitude produces greater fluid force and 
moment, and also results in greater turning angle and faster escaping speed of fish. All five C-start models end up 
with rather diverse escaping directions, saying that fish can maneuver itself easily through slight adjustments of its 
bending amplitude and undulation of its body (especially the tail). 
For easy comparison, Table 2 lists under different cases some relevant quantities characterizing the fast-start 
motion such as the displacement at the end of fast-start | |eS 
G
, total distance traveled by fish totS , maximum 
translational speed | |maxV 
G
, and the final escaping direction eT  of fish. The total work totW   delivered by fish 
throughout the whole fast-start period is calculated according to Eq.(16), but the kinetic energy term in Eq.(16) now 
includes the rotational energy of fish body as well. The efficiency of performance is again defined by the ratio of 
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total distance per work done by fish tot totS W   as before. From the results summarized in Table 2, model C-1, which 
assumes the largest degree of bending in body movement and hence has the largest values in almost all categories, 
but its efficiency of performance is also the lowest among all. Model C-5 has the highest efficiency of performance 
in terms of the distance traveled per work delivered by fish, due to relatively smoother and milder bending of body 
during fast-start movement. The total distance traveled under this model is the shortest one, but the final 
displacement from the initial position is not. The reason is that C-5 model has the smallest turning radius (see Fig.6). 
Fish turns quickly after startup and then speeds away along almost a straight path oriented at roughly 90D  from its 
original direction. 
Table 2. Swimming performance of fish under different C-start models. 
Case eS 
G
 totS  maxV

G
 eT  *totW  *e totS W
G
 *tot totS W  
C-1 1.195 1.730 3.285 143.8± 0.217 5.501 7.962 
C-2 1.240 1.568 2.978 107.8± 0.188 6.589 8.334 
C-3 1.190 1.323 2.486 64.5± 0.146 8.171 9.085 
C-4 0.629 1.125 1.717 131.5± 0.124 5.095 9.103 
C-5 0.975 1.087 1.968 73.5± 0.096 10.198 11.361 
4.3. Comparison between C-start and S-start motions 
Comparing the results in Table 2 with that in Table 1, it is observed that in general, fish travels a longer distance 
at a considerably larger translational speed under C-start mode than with S-start mode. In C-1 mode, for example, 
the final traveling speed of fish is nearly twice the value of that in most S-start motions. And yet the work delivered 
by fish is generally less than that in S-start cases, indicating that fish adopting C-start mode has higher efficiency of 
performance than S-start mode. As mentioned earlier, fish does not benefit from the vortical flow it generates in 
driving itself with C-type fast-start. So how does fish achieve large escaping speed in C-start mode? 
(a)       (b)  
Fig. 7. (a) Turning motion of fish during C-start. (b) Typical tail-beat amplitude of fish in the recoil stage of C-start movement. 
As illustrated in Fig.7a, the bending movement of fish causes its body to bulge appreciably toward one side; as a 
result, fish receives a strong reaction force from fluid acting in the opposite direction. If fish is also rotating at the 
same time (due to the moment produced by fluid force), this force then provides the necessary centripetal 
component for fish to perform a turning motion as well as the tangential component to accelerate itself along the 
path. Thus in C-start mode, fish gains its traveling speed via a turning motion induced by the fluid force. 
The other speeding mechanism is attributed to the specific body movement of fish performing C-start. Figure 7b 
shows a typical posture of fish during the recoil stage of C-start. In the return flap of fish body, the large tail-beat 
amplitude can provide a boost to the thrust in the moving direction. So fish will speed up along the escaping path in 
the latter stage of the C-start motion. 
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In C-start mode, fish utilizes the lateral force and moment exerting by fluid on its body to assist its turning and 
speeding. While in contrast, fish must provide excess work to overcome the lateral force and moment in S-start 
motion in order to direct itself to the target. Therefore, fish can move more efficiently with C-start mode than with 
S-start mode. It is then most natural for fish to adopt C-type fast-start movement in escaping. Fish has in general no 
preferred heading-direction in an attempt to speed away from danger. So when escaping, fish just bends and curls its 
body with proper strength, and then lets the flow do the rest of the job in guiding its following motion. 
5. Conclusion 
Present study discloses certain important flow characteristics that may help explain the fast-start mechanisms of 
fish from the fluid-dynamic viewpoint. They are summarized as follows. 
In S-start mode, fish receives significant thrust through the vortex-enhanced momentum change of fluid. When 
fish starts out its motion, vorticities shedding from fish tail roll up quickly to form a strong starting vortex. This 
vortex draws nearby ‘packets’ of fluid and accelerate them toward fish body. As these fluid packets strike fish body 
and turn their directions, strong reaction force is produced on fish body. Hence in S-start mode, it is important that 
the starting vortex remains close to fish body in most of the time during fast-start period. 
In C-start mode, fish does not benefit from the vortex-enhanced momentum change of fluid in speeding itself. 
Instead, fish gains its traveling speed via a turning motion induced by the fluid force. The bending movement of fish 
in C-start mode causes its body to bulge toward one side and hence creating a strong reaction force of fluid acting 
toward the other side of the body. This reaction force then provides the necessary centripetal force for fish to turn 
around as well as the tangential force to accelerate itself along the path. Since in C-start mode, fish utilizes the 
lateral force and moment to assist its turning and speeding rather than resists them, fish moving with C-start mode 
has faster traveling speed and better efficiency of performance than with S-start mode. Hence it is most natural for 
fish to adopt C-type fast-start mode in an attempt to escape from danger. 
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